UV irradiation of complexes of DNA and an a/fl-type small, acid-soluble protein (SASP) from Bacillus subtilis spores gave decreasing amounts of pyrimidine dimers and increasing amounts of spore photoproduct as the SASP/DNA ratio was increased. The yields of pyrimidine dimers and spore photoproduct were <0.2% and 8% of total thymine, respectively, when DNA saturated with SASP was irradiated at 254 nm with 30 kJ/m2; in the absence of SASP the yields were reversed-4.5% and 0.3%, respectively. Complexes of DNA with a/fl-type SASP from Bacilus cereus, Baciflus megaterium, or Clostridium bifermentans spores also gave spore photoproduct upon UV irradiation. However, incubation of these SASPs with DNA under conditions preventing complex formation or use of mutant SASPs that do not form complexes did not affect the photoproducts formed in vitro. These results suggest that the UV photochemistry of bacterial spore DNA in vivo is due to the binding of a/fl-type SASP, a binding that is known to cause a change in DNA conformation in vitro from the B form to the A form. The yields of spore photoproduct in vitro were signfcantly lower than in vivo, perhaps because of the presence of substances other than SASP in spores. It is suggested that as these factors diffuse out in the first minutes of spore germination, spore photoproduct yields become similar to those observed for irradiation of SASP/DNA complexes in vitro.
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Dormant spores of various Bacillus species are much more resistant to the cytotoxic effects of UV radiation than are their growing cell counterparts (1) . This difference in UV resistance is rooted in a difference in the UV photochemistry of cell and spore DNA in vivo. The major photoproducts formed in DNA by UV irradiation of cells are cyclobutanetype pyrimidine dimers, primarily thymine-thymine dimers (TTs), with smaller amounts of cytosine-thymine dimers (CTs) and cytosine-cytosine dimers as well as the so called 6-4 photoproduct (2-4). In contrast, UV irradiation of dormant spores of various Bacillus species produces no detectable cyclobutane-type pyrimidine dimers but rather a series of other photoproducts, the most abundant being a 5-thyminyl-5,6-dihydrothymine adduct (2, 5) that has been termed spore photoproduct (SP). The contribution of this photochemistry to spore UV resistance is not that SP is formed in very low yields. Indeed, the yields for TT in vegetative cells and SP in spores are similar, and extremely high levels (>25% of total thymine) of SP can accumulate in DNA (2) . Rather, the dormant spore has at least two mechanisms that efficiently eliminate SP in the early minutes of spore germination; one of these mechanisms is specific for SP (6, 7) .
Studies on the UV photochemistry of DNA under various conditions in vitro led to the conclusion that the production of pyrimidine dimers was characteristic of DNA in the B conformation, whereas SP formation was favored in DNA in the A conformation (8, 9) . This led to the suggestion that DNA in dormant spores might be in the A conformation (8) . Subsequent work indicated that SP formation was not necessarily DNA conformation dependent but increased at the expense of pyrimidine dimer formation as DNA hydration was decreased (10, 11) . However, in these in vitro studies there was still significant pyrimidine dimer formation at all hydration levels tested (10, 11) . More recent work has focused on the role of a group of small, acid-soluble spore proteins (SASPs) of the a/X3 type in spore DNA photochemistry. These a/(-type SASPs are coded for by a multigene family ofat least seven members in Bacillus species that code for proteins whose sequence has been extremely highly conserved within and across species, including Bacilli and Clostridia (12, 13) . The a/f-type SASPs appear in sporulation as the developing spore becomes UV resistant, are bound to spore DNA in vivo, and are degraded during spore germination (12) . Loss of the majority of the a/f-type SASPs by deletion of appropriate genes results in UV-sensitive spores in which significant amounts of pyrimidine dimers are generated upon UV irradiation (14) . Studies of the interaction of a/fl-type SASPs with DNA in vitro have shown that SASP binding saturates at one SASP per 5 base pairs (bp) and that this binding causes a conformational change in DNA from the B form to the A form (15, 16) .
Surprisingly, when dormant spores of Bacillus species germinate, they go through a transient period of elevated UV resistance characterized by extremely low yields per incident fluence for formation of all thymine-derived UV photoproducts; subsequently, the UV resistance falls to that of the growing cell (8, 17 (19, 20) . Mutant SspCs were prepared and purified as was the wild-type SspC (20) . Major a/,8-type SASPs were purified from spores of Bacillus cereus (SASP-I), Bacillus megaterium (SASP-A), and Clostridium bifermentans (SASP-a and -,/) as described (21) (22) (23) . The major y-type SASP, SASP-B, from B. megaterium was also purified from spores as described (22) . All purified SASPs were routinely dialyzed against 10 (15) . There was no precipitation of either DNA or SASP in these complexes. Dry complexes were initially formed as described above for moderate or low ionic strength complexes, and then aliquots (50-70 Ml) of the complex were allowed to air dry on a quartz microscope slide cemented into the top of a plastic Petri dish with holes cut above the quartz slide. When the DNA or DNA/protein complex was dry, the Petri dish top was placed over a bottom filled with a saturated salt solution to give an appropriate relative humidity (10); the dish was sealed and incubated at room temperature for at least 4 days prior to irradiation.
UV Irradiation and Analysis of Photoproducts. Cells and spores were irradiated with UV light mostly at 254 nm as described (14) . SASP/DNA complexes (70 Ml) were irradiated similarly but as a droplet on a plastic Petri dish directly below the UV lamp and without movement of the Petri dish. The dry complexes were irradiated in the sealed dish described above. The output of the UV lamp under the various irradiation conditions used was measured as described (14) .
In initial experiments DNA irradiated in vitro was purified by phenol extraction and ethanol precipitation. However, in almost all work reported here the DNA either was ethanol precipitated directly following addition of ammonium acetate to 0.3 M or was rinsed into hydrolysis vials with 0.1 M NH4HCO3 and lyophilized. These latter two modifications were important in ensuring high DNA recoveries (60-95%) from heavily irradiated SASP/DNA complexes in which much of the DNA remained at the phenol-water interface upon phenol extraction. However, removal or retention of the SASP had no detectable effect on the photoproduct yields observed from the labeled DNA. Note that the hydrolysis and analysis of the irradiated SASP/DNA complex without intermediate purification steps ensured that neither TT nor SP was selectively lost from these samples due to crosslinking of DNA to protein and loss of this DNA during subsequent purification. Irradiated cells or spores (50,000-300,000 cpm) were pelleted in a microcentrifuge, cells were broken, and DNA was extracted and purified as described (14) .
DNA was hydrolyzed with 400 M1 of 98% (vol/vol) formic acid for 2 hr at 1750C. Portions of the hydrolysate (20,000-40,000 cpm) were chromatographed by descending paper chromatography on Whatman 1 paper in 1-butanol/acetic acid/water, 80:12:30 (vol/vol), to separate uracil-thymine dimers (Rf = 0.21, a breakdown product of CT), cis, syn-TT (Rf = 0.28), SP (Rf = 0.37), trans, syn-TT (Rf = 0.46, a TT formed in vitro but not in vivo), and thymine (Rf = 0.6) (10, 13) . After the solvent front had traveled 45-48 cm, the paper was dried and then cut in 1-cm strips, and radioactivity was determined in each strip as described (14) .
In one experiment larger samples (140 Ml) of DNA and a moderate ionic strength SspC/DNA complex with an SspC/ DNA weight ratio of 6:1 were irradiated as described above with 20 kjJ/m2. After hydrolysis of the DNA one-half of each sample was reirradiated with 10 kJ/m2 to monomerize pyrimidine dimers. Aliquots of all samples were then analyzed by paper chromatography as described above.
RESULTS
As found by many other workers, the major labeled photoproduct formed upon UV irradiation of [3H]thymidinelabeled DNA in liquid was cis, syn-TT with smaller amounts of two other cyclobutane-type pyrimidine dimers, CT and trans, syn-TT; very little SP was formed under these conditions (Fig. 1, Table 1 ). In contrast, irradiation of a 5:1 complex (wt/wt) of SspC with DNA in liquid produced very little pyrimidine dimer but a significant amount of labeled material migrating at the position of SP (Fig. 1 tcis, syn-lTT tln this mutant SspC residue 52 (glycine in the wild type) has been changed to alanine (20) .
hIn this mutant SspC residue 57 (lysine in the wild type) has been changed to glutamine (20) . grated (data not shown). That the new labeled compound produced upon irradiation of an SspC/DNA complex was indeed SP was further shown by the fact that after hydrolysis of the DNA, reirradiation did not destroy it, as was the case for all three pyrimidine dimers formed in naked DNA (data not shown). When complexes with increasing SspC/DNA weight ratios were irradiated, production of cis, syn-TT fell and production of SP increased as the SspC/DNA ratio increased (Fig. 2) UV irradiation of dry DNA at 75% relative humidity gave predominantly cis, syn-TT but with significant amounts of SP (Fig. 2) as reported (10) . As was found upon irradiation of SspC/DNA complexes in liquid, irradiation of SspC/DNA complexes as dry fims gave increasing amounts of SP and decreasing amounts of cis, syn-TT as the SspC/DNA weight ratio increased (Fig. 2) . The SspC-DNA interaction in the films also appeared to saturate at an SspC/DNA weight ratio of 4-5:1 (Fig. 2) , as at this ratio cis, syn-TT formation was almost completely abolished.
In addition to the minor a/a-type SASP, SspC, we also tested a number of major a/X3-type SASPs from Bacillus and Clostridium species as well as several mutant SspCs and the major y-type SASP, SASP-B, from B. megaterium spores.
All wild-type a/,B-type SASPs tested led to primarily SP when 5:1 (wt/wt) SASP/DNA complexes were irradiated as dry films (Table 1) . Similarly, low ionic strength complexes formed with these a/a-type SASPs gave mostly SP when irradiated in liquid (Table 1) . Although only SspC and SASP-(3 from C. bifermentans gave SP on irradiation of moderate ionic strength complexes in liquid, control experiments showed that the other three major a//-type SASPs were not bound appreciably to pUC19 at this ionic strength. In contrast to the striking effects of a/a-type SASP on DNA photochemistry, the -type SASP had no effect on DNA photochemistry under any condition (Table 1) . This is not surprising, since there are various data that indicate that -type SASPs do not interact with DNA in vivo (12, 17) . Similarly, SspC variants (SspCa a and SspC1In) with either of two amino acid alterations had no effect on DNA photochemistry under any condition tested ( Table 1) . The residues altered in these SspC variants are two that are invariant in all a/3-type SASPs over 1-2 billion years of evolution (12, 23) , and tests of these mutant SspCs in vivo and in vitro indicate that they have lost the ability to bind to pUC19 (20) .
Analysis of the formation of various photoproducts in vivo and in vitro as a function of UV dose showed that similar amounts of cis, syn-TT were formed as a function of UV fluence in vitro and in growing cells (Fig. 3) , as has been found previously by others (3). The initial yield of SP in spores as a function of fluence was also similar to that for cis, syn-TT, and possibly higher, although direct comparison of these data is difficult because of the photochemical equilibrium reached between cis, syn-TT formation and breakage at -5% of total thymine. Other workers have reported that the yields of SP and cis, syn-TT in vivo as a function of fluence are similar (2, 9, 14) . In contrast, the yields, at low fluence, of SP from an SspC/DNA complex were <1/15th the yields of SP in vivo and <1/10th the yields of cis, syn-TT (Fig. 3) . The decreased yield at low fluence of SP from a hydrated SspC/DNA complex in vitro relative to the SP yield in vivo (Fig. 3) might be due to a decrease in the hydration of the a/.3-type SASP/DNA complex in the spore core (17) . Indeed, SP formation is known to vary significantly as a function of humidity at constant UV fluence (10, 11) . However, irradiation of a 5:1 (wt/wt) SspC/DNA complex at relative hu- midities from 88% to 33% gave similar yields of SP, even though the distribution of the photoproducts obtained from pure DNA changed significantly as relative humidity was varied (10) (Table 2 (25) and in vitro (15) , as well as spectroscopic analyses of SASP/DNA complexes (16) , that are consistent with DNA in a/,a-type SASP/DNA complexes being in an A-like conformation. Clearly, it will be of great interest to elucidate the fine details of the structure of these a/,8-type SASP/DNA complexes, as these details may shed light on how formation of this complex results in an alteration in DNA photochemistry.
(ii) Although the type of photoproducts formed from a/,3-type SASP/DNA complexes is essentially identical to that from dormant spores, the yield of SP as a function of UV fluence is more than an order ofmagnitude lower in vitro than in vivo. The reasons for this difference are not clear, but obviously our in vitro irradiation conditions are not those inside the dormant spore. For example, in vivo there may be proteins in addition to a/d-type SASP associated with spore DNA that further modify DNA structure and affect the yield of SP as a function of fluence. Similarly, the ionic conditions and the pH may be quite different in vivo from the conditions we used in vitro, and spores contain high levels of a small molecule, dipicolinic acid, that may also interact with spore DNA to some degree (17) . Indeed, there is evidence that dipicolinic acid actually sensitizes spores to UV, as spores with decreased dipicolinic acid levels show elevated UV resistance (26) . Another possible reason for the difference between the yields of SP in vivo and in vitro is DNA hydration, since decreased hydration significantly increases SP formation in vitro (10, 11) , and the spore core is significantly less hydrated than a growing cell (27) . However, we found that DNA hydration, varied by equilibration of DNA films at different relative humidities, had no significant effect on SP yields from a/a8-type SASP/DNA complexes.
(ifi) The yields of TT and SP are greatly decreased in a/,B-type SASP/DNA complexes compared to DNA in either vegetative cells or dormant spores, respectively. In this respect the photoreactivity of a/a-type SASP/DNA complexes in vitro is actually similar to that in the spore in the first minutes of germination, when the spore goes through the period of transient increased UV resistance (17) . Early events in spore germination, such as water uptake and dipicolinic acid release, are complete well before SASP degradation is accomplished (28) (29) (30) . Consequently, we suggest that the decrease in photoreactivity of spore DNA early in germination, and the attendant elevated UV resistance, are due to (a) the rapid loss by diffusion of dormant spore-specific factors, such as dipicolinic acid, that sensitize spores to UV and (b) the presence in these young germinated spores of an a/a3-type SASP/DNA complex. Only when germination proceeds and the SASPs are degraded do the photochemistry and photoreactivity of the DNA revert to that of naked DNA and DNA in vegetative cells.
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